Foraminifers experienced increased taxonomic diversity, increased rates of origination and extinction and shorter mean species durations during the Late Paleozoic ice age (LPIA) than during the immediately pre-and post-glacial intervals, a pattern opposite to that exhibited by brachiopods and other marine invertebrates. Much, but not all, of the increase in evolutionary rates can be attributed to the origin and rapid diversification of the fusulinoideans, a narrowly specialized group that was prone to high rates of extinction and speciation under the variable, cyclothemic conditions of the LPIA. Increased rates of evolution among non-fusulinoidean foraminifers during the LPIA also could be related in some way to glacioeustatically induced instability of neritic environments.
INTRODUCTION
The Late Paleozoic ice age (LPIA) was an interval from Late Mississippian through Early Permian time (,30 million years in duration; 320-290 Ma) during which continental glaciers were widespread throughout the Southern Hemisphere and part of the Northern Hemisphere (Crowell, 1978; Frakes and others, 1992) . Stanley and Powell (2003) used Sepkoski's (2002) compendium of fossil marine genera to demonstrate that invertebrates experienced unusually low rates of origination and extinction during the LPIA. They hypothesized that cooler and more seasonal climates of the LPIA would have led to an increase in the stability of marine communities, as well as increases in the environmental tolerances, geographic ranges and population sizes of marine species. Species with these attributes are resistant to extinction and less likely to speciate via ecological divergence or geographic isolation. Powell (2005) used a large database of fossil brachiopod occurrences to test certain of the earlier hypotheses. He showed that the biotic effects of the LPIA were most pronounced at low paleolatitudes and that brachiopods of the LPIA exhibited broader latitudinal ranges and longer stratigraphic ranges than during non-glacial times.
The purpose of this paper is to assess foraminiferal origination and extinction rates during the LPIA. Results show that, in contrast to marine invertebrates, foraminifers experienced increased rates of origination and extinction during the LPIA. This suggests that not all marine organisms responded similarly to climatic changes during the LPIA and/or that factors other than climate influenced rates of foraminiferal evolution. Non-climatic factors that might have affected foraminiferal evolutionary rates include, for example: 1) high frequency, high amplitude glacioeustatic sea level changes that caused repeated shifting of shallow marine habitats (i.e., cyclothemic deposition) and 2) the evolutionary innovation of large, fusiform shells with attendant physiologic and ecologic effects, which might have been the catalyst for rapid taxonomic expansion. In any case, it is necessary to first establish the actual pattern of origination and extinction during the LPIA before attempting to draw general conclusions regarding its underlying cause or causes.
DATA AND METHODS
Data for this study are the stratigraphic ranges of foraminiferal taxa, mostly of species rank, from 47 measured sections in present-day Eurasia and the High Arctic (Fig. 1) . The ranges were compiled in a composite standard database by means of graphic correlation (Shaw, 1964; Miller, 1977; Mann and Lane, 1995) . The composite standard was developed in the mid 1990's for use in hydrocarbon exploration (Groves and Brenckle, 1997) . It is employed here in order to achieve finer temporal and taxonomic resolution than would be possible using Sepkoski's (2002) compendium. Foraminiferal ranges in Sepkoski (2002) come directly from Loeblich and Tappan (1987) with only minor corrections. Ranges in Loeblich and Tappan (1987) The graphic correlation technique can be used to develop a database of occurrence events by systematically pooling records from multiple localities. The resulting composite standard not only incorporates all of the event information from every analyzed section, but it correctly records each event in its proper stratigraphic position relative to other events and then relates the entire sequence to a linear time scale. That is, a taxon's first and last occurrences in the database are expressed in absolute terms (Ma), and they are not simply binned into stages or substages of unequal duration. The composite standard is a dynamic database that is expanded and improved as each additional section is graphically correlated against it. Ultimately, as the composite standard becomes more robust, the recorded first and last occurrences for a given taxon will approximate that taxon's actual times of origination and extinction.
The composite standard used here consists of the stratigraphic ranges of 3,632 taxa, including not only foraminifers but also conodonts and palynomorphs along with subordinate numbers of ammonoids, corals and brachiopods. All available paleontologic data were used FIGURE 1. Stratigraphic coverage, by locality, of the composite standard. Bold vertical lines represent the age range of stratigraphic sections in the composite standard (hiatuses not shown). Data types and sources as follows: sections 1-13 palynomorphs, smaller foraminifers and fusulinoideans from wells and outcrops in the Sverdrup Basin, Svalbard, Norwegian sector of Barents Sea, and Timan-Pechora Basin (Konieczny, 1987; Rui and others, 1991; Konovalova, 1991; Nilsson, 1992 Nilsson, , 1993 Nilsson and Davydov, 1992; Groves and others, 1994; Wahlman and others, 1995; Groves and Wahlman, 1997) ; 14 fusulinoideans from northern Spain (Villa and others, 1993) ; 15-17 palynomorphs, conodonts, smaller foraminifers, and fusulinoideans from the Moscow Basin (Solov'eva, 1986; Makhlina and others, 1993) ; 18-24 palynomorphs, ammonoids, conodonts, smaller foraminifers, and fusulinoideans from the Middle and Southern Urals (Lipina, 1955; Malakhova, 1975; Shcherbakov and others, 1985; Sinitsina and Sinitsyn, 1987; Groves, 1988; Davydov and others, 1993; Nemirovskaya and Alekseev, 1995; Bogoslovskaya and others, 1995) ; 25-33 smaller foraminifers from wells in the Pricaspian Basin (unpublished data from P. L. Brenckle); 34-39 smaller foraminifers and fusulinoideans from the Pamir Mountains, Tajikistan (Leven and Shcherbovich, 1978 , and unpublished data from V. I. Davydov); 40-46 brachiopods, corals, conodonts, smaller foraminifers, and fusulinoideans from the Tarim Basin (Zhao and others, 1984; Zhang and Gu, 1991; Liao and others, 1992) ; 47 smaller foraminifers and fusulinoideans from South China (Rui, 1987; Rui and others, 1987) . Abbreviations: Gd. 5 Guadalupian; Lp. 5 Lopingian; Kas. 5 Kasimovian; Gzh. 5 Gzhelian; Road. 5 Roadian; Word. 5 Wordian.
from each locality in order to achieve the best possible correlations and the most accurate composite ranges. The composite standard includes several stratotype and other important reference sections in the Urals and Moscow Basin. Other localities were selected for their stratigraphic completeness, density of sampling and quality of fossil recovery. All of the localities were situated in the paleotropics or subtropics, and all are dominated by carbonate lithologies.
Once established, the composite standard was re-calibrated from dimensionless ''composite standard units'' to absolute geologic time so that chronostratigraphic boundaries correspond to mega-annum ages as reported in the Australian Geological Survey Organization's time scale (AGSO; Young and Laurie, 1995) . It is now known that certain of the original AGSO dates are erroneous because of early calibration problems with analytical standards in the Sensitive High Resolution Ion MicroProbe (SHRIMP) dating system. For example, the AGSO time scale assigned an age of 314 Ma to the Mississippian-Pennsylvanian boundary, whereas recent work suggests this boundary is 318 Ma (Gradstein and others, 2004 ; see also the International Commission on Stratigraphy, ICS, http:// www.stratigraphy.org). The revised 318-Ma date is used in the present composite standard, with ranges on either side of that date having been adjusted through linear interpolation. These adjustments do not affect the ordered sequence of fossil originations and extinctions in the database (i.e., an Early Pennsylvanian extinction event is Early Pennsylvanian in age, whether it is estimated to be 314 or 318 Ma). Other AGSO dates have been retained, even though they do not agree perfectly with ICS dates.
Mega-annum values for individual originations and extinctions in the composite standard form the basis for deriving other data, such as species durations, taxonomic diversity per million-year interval, and origination and extinction rates per million-year interval. Diversity and numbers of originations and extinctions were determined following the methodology outlined by Foote (2000a) . Figure 2 illustrates the four classes of taxa that can occur in any given million-year interval. Let FL denote taxa that are confined to the interval, let bL denote taxa whose ranges cross the bottom boundary of the interval, let Ft denote taxa whose ranges cross the top boundary of the interval, and let bt denote taxa whose ranges cross both the bottom and top boundaries of the interval. Then, total diversity within an interval is N tot 5 N FL + N bL + N Ft + N bt , the number of originations is N o 5 N FL + N Ft , and the number of extinctions is N e 5 N FL + N bL .
SOURCES OF ERROR AND BIAS
Inspection of Figure 1 shows that there is uneven stratigraphic coverage in the composite standard. The greatest density of coverage occurs in the MoscovianAsselian interval, with data from 22 to 24 localities characterizing most of the interval and a maximum of 27 localities spanning the Pennsylvanian-Permian boundary. Most other stages are represented by data from 8 to 16 localities. The least dense coverage occurs at the bottom and the top of the standard: only four localities extend as low as the Upper Devonian and only four extend as high as the uppermost Permian (Changhsingian). Not surprisingly, numbers of Upper Devonian and Changhsingian taxa in the standard are low by comparison with better-represented intervals. Because low numbers tend to greatly exaggerate rates of origination and extinction, data from the Upper Devonian and Changhsingian were omitted from analysis. These omissions do not affect the overall conclusions of this study insofar as the objective has been to compare evolutionary patterns during the LPIA with the immediately preceding and succeeding non-glacial times.
Foraminifers comprise 2,418 of the 3,632 taxa in the composite standard. Nearly one-third (774) of the foraminifers were recorded from just a single sample, and so they were excluded from the analysis. So-called singletons in most diversity studies are defined as taxa confined to a single interval. Fitzgerald and Carlson (2006) presented evidence for including such taxa in their study of Paleozoic terebratulide brachiopods. We likewise included in this study taxa whose ranges are confined to a single millionyear interval, provided that the ranges of such taxa are established by two or more occurrences (i.e., they are genuinely short-ranging taxa). The true singletons we omitted are rare or rarely preserved species whose inclusion in the analysis would unrealistically exaggerate the apparent temporal correlation between rates of origination and extinction. The majority (66%) of these singletons are from the LPIA, whereas 20% are from the pre-LPIA and 14% are from the post-LPIA, even though the LPIA represents just 30% of the geologic time under investigation. Including these singletons in our analyses would only magnify the observed patterns of high origination and extinction during the LPIA relative to pre-and post-glacial times.
Holland (2000) discussed a variety of factors that can distort the observed occurrences and stratigraphic ranges of FIGURE 2. Four classes of taxa present in a given million-year interval. N FL is the number of taxa confined to the interval, N bL is the number of taxa whose ranges cross the bottom boundary of the interval, N Ft is the number of taxa whose ranges cross the top boundary of the interval, and N bt is the number of taxa whose ranges span both the bottom and top boundaries of the interval (after Foote, 2000a ).
taxa at any given locality. No attempt has been made to compensate for truncated ranges at individual localities that might have resulted from sampling bias, facies bias, unconformities or varying sedimentation rates. (Unconformities are easily detected as horizontal segments in the line of correlation when graphing a section against the composite standard. A range truncated by unconformity does not affect the recorded oldest or youngest occurrences of the taxon in the database, provided that an untruncated range of the same taxon has been observed elsewhere.) For the purposes of the present study, it is assumed that ranges in the composite standard are not systematically affected by one or more sources of bias because the localities under investigation represent a wide range of depositional facies in many sedimentary basins (surface and subsurface) over a vast area. Furthermore, the composite standard includes multiple localities from most of the basins under consideration (Fig. 1) , so that sampling within each basin is likely to represent a variety of depositional systems tracts spanning updip and downdip locations. Foote (2000a Foote ( , 2000b Foote ( , 2003 and Peters and Foote (2001, 2002) addressed various effects of incompleteness of the fossil record on estimates of origination and extinction rates. No attempt has been made to employ their computationally intensive analyses on the present data. It is sufficient to note that, in raw data, peaks in origination and extinction were shown by Foote (2003) to be real when analyzed under assumptions of continuous versus pulsed origination and extinction and when constrained to take into account unequal preservation of sedimentary rocks of varying ages. We assume that patterns in our raw data are real, as well.
Finally, no attempt has been made to distinguish between pseudoextinctions and true species terminations. Pseudoextinction arises from the use of two or more names for successive morphologic grades in a phyletic transition. Although the end members of the chronocline could be regarded as distinct species, the transition does not produce an increase in net diversity as in cladogenesis. We assume that instances of pseudoextinction exist in the LPIA as well as the pre-and post-LPIA portions of the database, but that there is no systematic bias in the relative frequency of these instances through time.
OBSERVATIONS TAXONOMIC DIVERSITY
The total number of foraminiferal species under analysis is 1,643. Clearly, this is not the actual number of species in existence during Late Paleozoic time, because single occurrences have been omitted and because the database does not include sections from the present Western Hemisphere. Raw taxonomic diversity is depicted in Figure 3A as the number of species (N tot ) occurring in each millionyear interval from latest Famennian time (356 Ma) into Wuchiapingian time (256 Ma). The number of species in the database reaches a peak at the Pennsylvanian-Permian boundary (371 species). Most of Pennsylvanian time is characterized by high diversity (,180 to 220 species), with somewhat lower values in the late Mississippian (,120 to 165 species). Most of the intervals prior to mid-Visean time (331 Ma) and subsequent to early Sakmarian time (291 Ma) are characterized by diversity of less than 100 species.
To what extent are diversity values influenced by uneven stratigraphic coverage in the composite standard? This question was addressed by dividing the total diversity in each million-year interval by the number of sections in the composite standard spanning the same interval (Fig. 3B) . The resulting graph shows that normalized diversity is greatest in the Mississippian-Pennsylvanian boundary interval, with secondary peaks in the mid-Tournaisian, late Visean, Pennsylvanian-Permian boundary and early Guadalupian intervals. Normalized diversity is lowest in early Tournaisian, early Visean, late Sakmarian-Kungurian and post-early Guadalupian times.
Mean diversity during the LPIA is 198 species per m.y., as compared with 78 species per m.y. and 36 species per m.y. for the pre-LPIA and post-LPIA intervals, respectively. The differences between mean diversity during the LPIA and adjacent intervals are highly significant: Student's t (equal variances; p , 0.001) for LPIA versus pre-LPIA; Welch's t (unequal variances; p , 0.001) for LPIA versus post-LPIA. Normalized mean diversities for the LPIA, pre-LPIA and post-LPIA are 12, 8.2 and 4.3 species per locality per m.y., respectively, and these differences are highly significant (p , 0.001 in both comparisons).
ORIGINATIONS AND EXTINCTIONS
Originations per m.y. and extinctions per m.y. are shown in Figure 4A . An interesting attribute of the curves in Figure 4A is the apparent close correlation between origination and extinction. Both curves reach peak values at the Pennsylvanian-Permian boundary and exhibit generally higher values during the LPIA than during preand post-LPIA intervals. The mean number of originations per m.y. during the LPIA is 36. This is significantly greater than the corresponding values of 10 and 2.9 for the pre-LPIA and post-LPIA, respectively (Welch's t; p , 0.001 in both comparisons). The mean number of extinctions per m.y. during the LPIA is 37, again significantly more than during the pre-and post-LPIA (7.9 and 5.7, respectively; Welch's t; p , 0.001 in both comparisons).
The shape of the origination and extinction curves grossly resembles that of the raw diversity curve (Fig. 3A) , suggesting that the frequency of origination and extinction events in a given interval is proportional to the overall number of species in existence during the same interval. Figure 4C depicts originations and extinctions normalized for uneven diversity. That is, originations and extinctions per m.y. are expressed as a fraction of total species for each corresponding interval (N o /N tot and N e /N tot ). The normalized mean origination rate during the LPIA is 0.17 per m.y. Corresponding values for pre-and post-LPIA intervals are 0.11 and 0.07, respectively. The LPIA mean origination rate is significantly greater than both the pre-LPIA rate (Student's t; p , 0.05) and the post-LPIA rate (Student's t; p , 0.01). The normalized mean extinction rate during the LPIA is 0.18 per m.y., versus 0.08 and 0.14 for the preand post-LPIA, respectively. The LPIA mean extinction FIGURE 3. Taxonomic diversity in the composite standard database. A number of species per million-year interval (single occurrences not included; N 5 1,643). B number of species per million-year interval normalized for uneven stratigraphic coverage (i.e., species per interval divided by number of sections in the composite standard spanning the same interval). Abbreviations: Tourn., Tournaisian; Serp., Serpukhovian; Ba., Bashkirian; Mos., Moscovian; K., Kasimovian; G., Gzhelian; As., Asselian; Sakmar., Sakmarian; Ar., Artinskian; Ku., Kungurian; Guadal., Guadalupian; Wu., Wuchiapingian. rate is significantly greater than the pre-LPIA rate (Student's t; p , 0.001), but it does not differ significantly from the post-LPIA rate.
Despite the close tracking of the origination and extinction curves, there are interesting differences between the frequencies of origination and extinction during the pre-LPIA, LPIA and post-LPIA intervals (Fig. 4B) . The frequency of origination exceeds the frequency of extinction in 20 of the 36 million-year intervals during the pre-LPIA, with extinction exceeding origination in only 10 millionyear intervals during the same period (origination 5 extinction in the remaining six intervals). Origination and extinction frequencies are roughly balanced during the LPIA: origination . extinction in 14 of the 31 intervals; origination , extinction in 16 of the intervals; origination 5 extinction in one interval. The post-LPIA period is characterized by an excess of extinction over origination: extinction . origination in 16 of the 34 intervals; extinction , origination in 6 intervals; extinction 5 origination in 12 intervals. The most prominent feature in Figure 4B is the prolonged 20-m.y. period during the late LPIA and early post-LPIA (297-278 Ma; Asselian-Artinskian) when the frequency of extinction consistently equaled or exceeded that of origination. This feature accounts for the steep decline in diversity pursuant to the Pennsylvanian-Permian boundary seen in Figure 3A .
SPECIES DURATIONS
The combination of high diversity and high origination and extinction rates requires that average species durations during the LPIA must have been shorter than in earlier and later non-glacial times. Of the 1,643 species under investigation, 297 are restricted entirely to the pre-LPIA, 1,009 are restricted to the LPIA, and 105 are restricted to the post-LPIA. The ranges of the remaining 232 species span at least two of the three intervals. The mean duration of species restricted exclusively to the LPIA is 2.53 m.y. This value is significantly less than the mean duration of 7.28 m.y. for species restricted to the pre-LPIA (Welch's t; p , 0.001), and it is marginally less than the mean duration of 3.16 m.y. for exclusively post-LPIA species (Welch's t; p , 0.1; Fig. 5 ). Stanley and Powell (2003) excluded fusulinoidean foraminifers from their analysis of origination and extinction rates in marine organisms, noting that fusulinoideans ''exhibited unique evolutionary traits and were not diverse enough prior to LPIA for calculation of background rates'' (ibid., p. 879). Therefore, it is of interest here to assess the extent to which foraminiferal species durations in the pre-LPIA, LPIA and post-LPIA intervals were affected by the evolutionary history of fusulinoideans, whose taxonomic expansion coincided almost precisely with the beginning of the LPIA. Although the taxonomic limits of the superfamily are not universally agreed upon, the oldest widely accepted fusulinoideans originated in Visean time (family Eostaffellidae), and the major burst of diversification within the group began in the Bashkirian (RauserChernousova and others, 1996) . Fusulinoidean diversity reached a peak in Early Permian time. They were very abundant and diverse through the end of the Middle Permian, but suffered a steep decline during the endGuadalupian extinction and then persisted in low numbers until their complete demise during the end-Permian extinction. Fusulinoideans account for 1,063 of the 1,643 species under analysis. The mean duration of fusulinoidean species in the composite standard is 2.96 m.y. versus 10.58 m.y for non-fusulinoideans (Fig. 5) , a difference that is highly significant (Welch's t; p , 0.001). A further estimate of the degree to which fusulinoideans might have dominated overall evolutionary rates during the LPIA can be achieved by comparing mean non-fusulinoidean species durations of the pre-LPIA versus mean non-fusulinoidean species durations of the LPIA (there are too few nonfusulinoidean species in the post-LPIA portion of the database for meaningful analysis). Of the 297 and 1,009 species restricted exclusively to the pre-LPIA and LPIA, 276 and 145, respectively, are non-fusulinoideans. The mean species durations are 7.36 m.y. and 5.15 m.y. for the pre-LPIA and LPIA, respectively, a difference that is highly significant (Welch's t; p , 0.001; Fig. 5 ). Thus, although much of the accelerated foraminiferal evolutionary activity during the LPIA can be attributed to very short species durations among fusulinoideans, even non-fusulinoidean species experienced shorter mean durations during the LPIA than in the preceding non-glacial interval.
DISCUSSION
As demonstrated, there is a positive correlation between foraminiferal originations and extinctions throughout most of the time encompassed by the composite standard. This is illustrated in Figure 6 , in which the paired values N o and N e are plotted for each million-year interval (Pearson's r 5 0.78; p , 0.001). The positive correlation is not surprising given that Stanley (1990) referred to this phenomenon as an ''empirical rule'' that applies broadly in the animal world. Stanley (1990) identified five factors that could be re- sponsible for the correlation of rates: 1) behavioral complexity; 2) niche breadth; 3) dispersal ability; 4) population size and stability; and 5) habitat fragmentation. For example, a species characterized by simple behavior, broad environmental tolerance, high dispersal ability, large and stable population size and a stable habitat is insulated against extinction. These same characteristics would tend to inhibit speciation insofar as they would suppress the likelihood of geographic isolation and/or niche partitioning. A species with opposite characteristics would be simultaneously more vulnerable to extinction and more prone to speciation. The first three factors are intrinsic biologic traits, whereas extrinsic forces cause habitat fragmentation. Size and stability of populations is influenced by both biologic and physical variables. The challenge here is to identify biologic or paleoenvironmental changes that might have affected one or more of the above factors in such a way as to cause increased rates of foraminiferal origination and extinction during the LPIA.
Paleozoic foraminifers were exclusively benthic, and they are unlikely to have exhibited complex stereotypical behavior. In addition, they are likely to have had high dispersal ability, by analogy with modern benthic species in which offspring can be transported far beyond the normal habitats occupied by conspecific adults (Alve and Goldstein, 2004) . Changes in behavioral complexity and dispersal ability are unlikely to have occurred at the onset of the LPIA, and so they cannot account for the acceleration of evolutionary rates. Instead, increased rates are more likely to have resulted from changes in niche breadth, population size and stability, or habitat stability.
A defining characteristic of the LPIA was cyclothemic deposition in response to glacioeustatic fluctions in sea level. Heckel (2006) estimated the frequency of cycles to range from ,20 k.y. (minor cycles controlled mainly by precession) to ,400 k.y. (major cycles controlled mainly by long eccentricity). Joachimski and others (2006) estimated that sea level fluctuations probably exceeded 100 m in cyclothems of the greatest magnitude. Sea level changes on these scales would have caused rapid and far-reaching shifts in neritic and littoral sedimentary environments, especially on the relatively flat depositional slopes of epeiric seas and their bordering coastal plains. In other words, the LPIA was a time of pronounced habitat instability for shallow benthic organisms, such as carbonate shelf-dwelling foraminifers. Buzas and Culver (1984) demonstrated that among modern benthic foraminifers of the Atlantic continental margin of North America, the highest rates of origination and extinction occurred in species restricted to variable, shallow-water environments (,200 m), whereas slower rates of evolutionary turnover were observed among stenotopic, deeper-dwelling species (.200 m). These observations stand in direct opposition to work on mollusks that showed higher rates of evolution among deeperdwelling species (Jackson, 1974) , and they contradict the general pattern among invertebrates of relatively higher species turnover in offshore (as opposed to nearshore) Phanerozoic shelf communities (Jablonski and others, 1983) . Nevertheless, the pattern documented by Buzas and Culver (1984) is real. If modern benthic foraminifers are valid analogues for Late Paleozoic ones, then the pattern is consistent with the possibility that cyclicly induced instability in shallow-water habitats during the LPIA was at least partly responsible for the acceleration of foraminiferal evolutionary rates.
As shown, much of the increase in foraminiferal origination and extinction rates during the LPIA is related to the origin and rapid diversification of the fusulinoideans, a group characterized by unusually short species durations. The fusulinoideans originated as a consequence of a single morphologic innovation: elongation of the coiling axis (Thompson, 1964) . Axial elongation produced test shapes that are spherical to elongate-fusiform, as opposed to the lenticular, discoidal, and nautiloid shapes characteristic of older taxa. Fusiform morphology and large size, in turn, allowed for the innovation of complex internal features, such as septal fluting, chamber partitions, resorbed tunnels and a variety of secondary secreted deposits. Fusulinoideans are believed to have harbored photosynthetic symbionts, both based on their complex internal structures and by analogy with modern, morphologically similar, symbiont-bearing foraminifers (Ross, 1974 (Ross, , 1982 . Hallock (1985) showed that delayed maturation, growth to large size and algal symbiosis are highly advantageous to foraminifers under stable oligotrophic conditions in which sunlight is available. She also showed that specialization for these traits increases the likelihood of extinction when such conditions change. If fusulinoideans were as specialized as modern larger foraminifers (i.e., minimal niche breadth), then the rapidly changing cyclical environments of the LPIA would have led to high rates of evolutionary turnover.
We conclude that glacioeustasy, directly and indirectly, governed evolutionary dynamics in fusulinoidean and nonfusulinoidean foraminifers of the LPIA. However, given that average species durations exceeded the average durations of sea level cycles, most species must have persisted through many cycles. One might question how environmental changes during a particular cycle could cause the extinction of a species that already had survived many previous cycles. We suggest that the local effects of glacioeustasy-that is, effects on individual populationsare likely to vary from place to place and from cycle to cycle. Each cycle might be responsible for the elimination of several populations, but multiple cycles would be required for the extinction of an entire species. In the aggregate, higher frequencies of environmental perturbation should result in higher rates of origination and extinction.
UNRESOLVED ISSUES
It is unclear how global tectonics might have affected foraminiferal evolution during the LPIA. Without question, the most significant paleogeographic event of Late Paleozoic time was the formation of Pangaea. According to most reconstructions, closure of the subequatorial Rheic Ocean occurred in the Late Mississippian or Early Pennsylvanian as a consequence of Appalachian-Hercynian orogenesis (Scotese and McKerrow, 1990; Scotese, 2000; Golonka and Ford, 2000) . This meant that land and the open ocean of Panthalassa were barriers to the migration of tropical, shallow-shelf faunas on opposite sides of Pangaea (Ross and Ross, 1985) . Alternative reconstructions by Vai (2003) and García-Bellido and Rodriguez (2005) suggest that a narrow marine connection between the equatorial western Paleotethys and eastern Panthalassa remained open through Moscovian time. Regardless of the exact timing of the final closure, calcareous foraminifers were broadly cosmopolitan during Tournaisian through middle Visean time, only to become markedly provincial by Early Pennsylvanian time (Ross, 1967; Yuferev, 1973; Solov'eva, 1974; Ross and Ross, 1981) . For example, according to data compiled by Mamet (1977) and Rauser-Chernousova and others (1996) , 66% of foraminiferal genera and subgenera were cosmopolitan during Mississippian time, whereas the corresponding value for Pennsylvanian time is just 24%. In effect, Pennsylvanian foraminiferal faunas in the Midcontinent-Andean realm and the Paleotethyan realm evolved largely in isolation from one another, with infrequent interchange via the Franklinian shelf Groves and others, 2007) . Although presently untested, we suspect that large-scale fragmentation of habitable areas might have contributed to increased rates of taxonomic diversification via geographic isolation and vicariance. If so, however, then why did foraminiferal evolutionary rates decrease at the end of the LPIA while Pangaea remained intact?
Evolutionary contrasts between invertebrates and foraminifers are perhaps the most interesting results to emerge from this study. Why did invertebrates of the LPIA experience decreased rates of origination and extinction, increased geographic range sizes, and longer stratigraphic ranges, while foraminfers experienced just the opposite? One admittedly unsatisfying explanation is simply that different kinds of organisms differ in their evolutionary patterns (Buzas and Culver, 1984) . Alternatively, the answer might somehow hinge on the fact that most Late Paleozoic invertebrate phyla occupied considerable latitudinal ranges, from the equator to the high latitudes, whereas calcareous foraminifers were restricted mostly to the tropics and subtropics. [An exception is the order Lagenida, which originated in the tropics and expanded into high latitudes by Early Permian time. Unlike most other calcareous taxa, however, lagenides existed in very low numbers until Lopingian time, when they diversified pursuant to the end-Guadalupian extinction of most fusulinides (Groves and others, 2003) .] Among brachiopods, the most intensively studied group of invertebrates, the onset of the LPIA ''apparently selected against latitudinally narrowly adapted, tropically confined . . . genera. Adapted to warm, stable temperatures, these genera underwent heavy extinction when the ice age began and left the marine world populated with thermally tolerant species adapted to relatively cool temperatures and pronounced seasonality. When the . . . ice age abated, latitudinally narrowly adapted genera reoriginated at high rates in the tropics and returned the marine ecosystem to its preglacial state'' (Powell, 2005, p. 384) . In effect, the LPIA reduced tropical shelf environments and thereby increased the habitable area for cool-water taxa. Increased geographic range sizes resulted when cool-water taxa expanded into low latitudes. Among calcareous foraminifers, in contrast, there were few extratropical, thermally tolerant species. Therefore, the onset of the LPIA would have meant a global reduction in habitable area and a de facto contraction of geographic range sizes. We cannot document this contraction with the data at hand. At present, this is simply an expected condition that would have operated in concert with minimal niche breadth and environmental instability.
